Traditional methods of visualization and analysis based on fixed cell populations treated with the drug for a different time give the limited possibility of time-sequence analysis. In time-lapse microscopy where the whole cell is observed regardless to intracellular structure, precise localization of events and differentiation between colocalization and overlapping of the fluorescence is impossible. Furthermore prolonged experiments with living cells increased the influence of improper environmental conditions. Homeostatic confocal microscopy gives an exceptional insight into minute pattern of changes occurring in the same living cell maintained in stable conditions during whole experimental period. It is built on a confocal system equipped with the homeostatic chamber providing constant, monitored heating and moisturized, CO 2 -enriched atmosphere during long period observations. In the present study 2D/time and 4D homeostatic confocal microscopy were applied for analysis of minute pattern of changes occurring at the mitochondria. The release of Smac/DIABLO from mitochondria in tumor cells under the apoptogenic stimulus, consist of two phases: the first immediately after drug administration, and the major second one after 15 min. Furthermore the time-pattern of BAX translocation to the mitochondria and Smac/DIABLO release coincide, suggesting that the release of Smac/DIABLO is correlated with BAX translocation to the mitochondria.
Introduction
Mitochondria play a crucial role in triggering apoptosis induced by various stimuli in all cell types. They are the source of apoptogenic proteins such as cytochrome c, AIF, Smac/DIABLO, Omi/ HtrA2, procaspase-9 and À3 and endonuclease G. In course of apoptosis these proteins are released from mitochondrial intermembrane space into the cytosol. This process is facilitated by promoters of apoptosis from the Bcl-2 family such as: BID, BAD, BAX and BAK, which are involved in formation of megachannels in the outer mitochondrial membrane (Susin et al. 1999; Tsujimoto and Shimizu 2000; Grinberg et al. 2002; Roucou et al. 2002) . The most potent promoter of apoptosis is BAX, which remains the common link in the chain of reactions leading to tumor cell death induced by various anticancer drugs (Godlewski et al. 2001) . Our previous study revealed that BAX (in association with BID) controls the function of VDAC-1 (voltage dependent anion channel 1) and its permeability for apoptogenic factors released from mitochondria in normal and tumor cells stimulated to apoptosis (Godlewski et al. 2002; Kolek et al. 2003) . The formation of permeability transition pores in outer mitochondrial membrane and the release of apoptogenic proteins from intermembrane space are regarded as a 'point of no return' in the apoptotic process. The release of Smac/DIABLO from mitochondria could be a reliable marker of apoptosis in cancer cells regardless of the mechanism of death induction. Recent reports indicate that Smac/DIABLO acts as a common mediator of death receptor pathway (Fehlberg et al. 2003; Okano et al. 2003 ) and mitochondrial pathway (Kashkar et al. 2003; McNeish et al. 2003 ) of apoptosis in tumor cells.
The response of proapoptotic proteins to apoptotic stimulus is based on: (1) increased expression (at the level of transcript and protein), (2) activation (by proteolytic cleavage e.g. BAX, BID or dephosphorylation -BAD), and (3) subcellular redistribution from cytosol to organellar membranes e.g. mitochondrial (BAX, BID, BAD and BAK) or from compartments of mitochondrial intermembrane space to the cytosol (cytochrome c, Smac/DIABLO, AIF). The majority of tumor cells are ''primed'' to apoptosis, which means that they contain sufficient quantity of proapoptotic proteins to trigger cell death. For this reason, induction of apoptosis in cancer cells depends first of all on the activation and subcellular translocations of proapoptotic proteins. The dynamics of above processes are very difficult to study, since the changes in subcellular protein localization occur within minutes after apoptotic stimulus.
In this article we present a new application of the confocal microscopy based on the confocal microscope equipped with the homeostatic chamber for precise evaluation of the minute kinetics of proapoptotic protein aggregation on mitochondria (BAX) and the release from mitochondria to the cytosol (Smac/DIABLO) in the living tumor cells, which have been stimulated to apoptosis. We propose the term homeostatic confocal microscopy (HCM) in order to underline the maintenance of balanced conditions of cell environment (temperature, CO 2 -pressure and humidity) during the investigation process, thus permitting observation of the same living cell and recording changes that occur within it over the period of several hours. Unlike time-lapse microscopy, where it is impossible to differentiate between colocalization and overlapping of the fluorescence, the HCM provides precise localization of the fluorochromebind proteins and insight into events occurring on different levels of cell structure. PCR reaction primers PCR reaction primers Smac1 (5¢-ACAATGGCG GCTCTGAAGAGTTGG-3¢) and Smac2 (5¢-ATC CTCACGCAGGTAGGCCTCCTG-3¢) were constructed by Genset SA.
Materials
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Procedures
Cell culture
Cell cultures were maintained in DMEM supplemented with 10% (v/v) FCS, 50 lg/ml anti-PPLO agent, 2.5 lg/ml fungizone, 50 UI/ml penicillin and 50 lg/ml streptomycin in an atmosphere of 5% CO 2 /95% humidified air at 37°C, and routinely subcultured every 2 or 3 days.
Drugs
Camptothecin (CPT) and nimesulide (NIM) were diluted in DMSO to create stock solutions which were stored according to manufacturers' suggestions. Drug concentrations were selected on the base of our previous studies (Godlewski et al. 2001 (Godlewski et al. , 2002 . Final solutions used in experiments were 0.15 lM for CPT and 1 lM for NIM.
Plasmids
A PCR reaction with Smac1, Smac2 primers and cDNA template (made on RNA material isolated from MCF-7 cells) was performed under the following conditions: 1 · 94°C for 5 min, 35 · (94°C for 25 s; 60°C for 15 s; 72°C for 40 s), 1 · 72°C for 10 min. Amplification was performed with the use of the Pfu DNA Polymerase. Products of PCR reaction were confirmed by gel electrophoresis and isolated from gel. Obtained Smac/DIABLO fragment was ligated to digested (SmaI) pEGFP-N2 Vector before the coding sequence of GFP using T4 DNA Ligase overnight at 16°C. The resulting plasmid was transformed into Escherichia coli strain DH5a, and transformants were selected on medium containing kanamycin at a concentration of 30 lg/ml. The correct DNA sequence was confirmed using DNA sequencing analysis. BAX-GFP plasmid was generously gifted by Dr. Bozena Kaminska-Kaczmarek, (The Institute of Experimental Biology, Polish Academy of Science, Warsaw, Poland).
Cell transfection
Transfection solution was prepared with the use of 2 lg of BAX-GFP plasmid in 0.1 ml serum free medium and 10 ll lipofectAMINE reagent in 0.1 ml serum free medium. Solutions were then combined and incubated at room temperature for 45 min. Meanwhile COLO 205 and MCF-7 cells were rinsed and overlaid with 2 ml of serum free medium. Then transfection mixture was added dropwise and the cells were incubated in 5% CO 2 / 95% humidified air at 37°C for 5 h. Finally transfection medium was exchanged with 10% FCS/DMEM. 72 h following the start of transfection geneticin was added (50 mg/ml) for the selection of positively transfected cells.
MCF-7 cells were transfected using lipofectA-MINE reagent and pEGFP-Smac. For transfection solution 1.5 lg of DNA diluted into 0.1 ml serum free medium, and 7 ll of lipofectAMINE reagent diluted into 0.1 ml serum free medium. Both solutions were carefully combined and the obtained mixture was incubated at room temperature for 30 min. The cells were overlaid with 0.8 ml of serum free medium and the transfection mixture was added dropwise and incubated at 37°C, under 5% CO 2 atmosphere over the next 3 h. Afterwards transfection medium was exchanged with growth medium containing 10% FCS. After 48 h transfected cells were selected using geneticin (400 lg/ ml).
After 2 weeks obtained cultures were transfected with pDsRed2 mitovector following identical protocol.
Homeostatic confocal microscopy (HCM)
FV 500 confocal microscope was equipped with special homeostatic chamber for experiments conducted with the use of living cells. This allowed standard growing conditions for the cells over the experiment period (37°C, 5% CO 2 , 95% humidified air). Transfected cells were cultured on coverglass-mounted-4-chamber culture dishes until 70% confluency. Cells were measured with the combinations of excitation/emission: Argon 488 nm laser vs. 505-525 nm filter for GFP, and HeNe 543 nm laser vs. 610 nm filter for RFP. Laser power, voltage of photomultipliers and depth of the crossections were set during the preliminary study to a level that allowed optimal fluorescence gain with minimal side-effects for the cells observed. Obtained values were: 15% of 10 mW Argon and 25% of 1 mW HeNe laser power, 810 and 690 V for green and red channel PMT, respectively. The gains of acquired images were set to a value of 7.5 for green and 5.5 for red channel with 5% offset for both fluorescence channels. These values were maintained constant during all conducted experiments. There were no postcapture modifications regarding the intensity of acquired fluorescence. To avoid the cross-talk between the fluorochromes the sequence scanning mode was applied for the experiment. The fluorescence level of control and treatment medium were compared and no changes were observed.
Two-dimensional dynamic homeostatic confocal microscopy (2D/time HCM)
Data were collected from single 3 lm deep crosssection with 2 min time intervals for measurements of double transfected COLO 205 cells (BAX-GFP + mitovector-RFP). After acquiring control images the standard growth medium was replaced with nimesulide (NIM) enriched medium (1 lM) and the same cells were observed over the next 22 min. The IOD values of green fluorescence corresponding to cytosolic BAX-GFP and yellow light coming from simultaneous excitation of red and green fluorescence of BAX-GFP translocated to mitochondria were analyzed using the Microimage analysis system.
Four-dimensional homeostatic confocal microscopy (4D HCM)
Four-dimensional HCM (3D reconstruction+time-dependence) was applied for measurements of double transfected MCF-7 cells (BAX-GFP or Smac/DIABLO-GFP together with mitovector-RFP). Series of 3 lm deep cross-sections from single MCF-7 cell were gathered at 3 min time intervals. After acquiring control images the standard growth medium was replaced with camptothecin (CPT) enriched medium (0.15 lM) and the same cell was observed over the next 45 min. Afterwards the 3D reconstruction of cell was created from the stack of cross-sections using the Fluoview program and changes in fluorescence values occurring during the experiment were observed. The IOD values of yellow light coming from simultaneous excitation of red and green fluorescence of mitochondria-localized proteins and green fluorescence of cytosol-localized proteins were analyzed using the Microimage analysis system.
Statistical evaluation
The results were statistically evaluated by ANO-VA and Tukey's multiple range tests using Microcal TM Origin Ò 5.0. p £ 0.05 was regarded as significant.
Results and discussion
Two-dimensional dynamic homeostatic confocal microscopy (2D/time HCM)
Experiments were conducted with the use of BAX-GFP and mitovector-RFP-transfected COLO 205 and Mito-RFP encoding RFP conjugated with mitochondria localization sequence (red fluorescence). Cells were observed with 2 min intervals. In non-treated cells no pattern of colocalization can be observed between BAX and mitochondria related Mito-RFP fluorescence. Afterwards NIM (1 lM) was added to the medium and the same cells were observed for the next 24 min. Rapid increase in colocalization pattern between BAX and mitochondria (visible as a gain of yellow light from simultaneous excitation of both green and red fluorochrome) can be observed since 16 min of experiment. cells to reveal the dynamic pattern of BAX translocation to mitochondria after the apoptosis induction by NIM. NIM is a nonsteroid antiinflammatory drug possessing apoptogenic properties in human colon adenocarcinoma COLO 205 cells (Godlewski et al. 2002) . The pattern of BAX aggregation on mitochondria in two COLO 205 cells cross-section visualized in 2 min time intervals was presented on Figure 1 . Cells observed in control medium (10% FCS/DMEM) revealed almost no pattern of colocalization between green fluorescence of BAX-conjugated GFP and red fluorescence of mitovector-RFP (IOD of yellow light ranging from 1.66±0.08 to 1.81±0.07) (Figures 1 and 2 -CTRL) . After the medium was supplemented with NIM (1 lM) the slight increase in yellow light from simultaneous excitation of colocalized BAX-GFP and mitovector-RFP was observed. This continued until the 14 min of observation (IOD at 4.42±0.17) and was followed by the dramatic increase in yellow light, which IOD doubled to 10.39±0.39 at 16 min and was steadily climbing to 24.55±2.39 at 24 min. Interestingly, while the intensity of BAXrelated green fluorescence increased significantly from 35.45±9.78 (control average) to 70.19±4.66 during the first 2 min of experiment, no further significant changes in green IOD were observed (Figures 1 and 2) . For IOD evaluation the data from five different experiments were acquired.
Four-dimensional homeostatic confocal microscopy (4D HCM) BAX translocation to the mitochondria. Two-dimensional/time HCM gave us insight into processes going in the living cell, but there are some limitations to the method. It only allows a view of the single cross-section of the cell, which may be, but not necessarily, representative to the entire cell. To overcome this obstacle the 4D HCM was implemented providing the superb insight into pattern of changes occurring in every single slice and, after the 3D reconstruction, in the cell as a whole. The series of crossections from MCF-7 cell presented in Figure 3 were gathered in 5 min time-intervals. Cell image from every time-point was then reconstructed with the use of the Fluoview software. In a non-treated cell ( Smac/DIABLO release from the mitochondria The 3D reconstruction of a nontreated and CPTtreated MCF-7 cell double-transfected with Smac/ DIABLO-GFP and mitovector-RFP is shown in Figure 5 . On the following panels the same cell is presented in 3 min time lapses, rotated 9°in Y dimension. In control conditions (10% FCS/ DMEM) Smac/DIABLO-GFP and mitovector-RFP colocalize almost completely and no changes in that pattern can be observed . After the CPT was added (0.15 lM) there was an immediate increase in green IOD from 2.19±0.02 to 15.26±0.91 associated with slight decrease of yellow IOD. This suggested slight preliminary efflux of Smac/DIABLO from mitochondria. Over the next 12 min no changes were observed. Time between 15 and 18 min of CPT treatment seems to be crucial for the events occurring in mitochondria. Green IOD increased from 17.69±0.9 to 28.78±1.81 while intensity of yellow light decreased from 10.71±1.01 to 4.66±0.61 ( Figure 6 ). It is also clearly visible on the confocal image as a decrease in yellow light area after 18 min of observation ( Figure 5 ). Following this moment there was an evident increase of green IOD up to 43.61±2.05, and accompanied by a slight but stable decrease in yellow IOD down to 1.68±0.07 after 42 min (Figure 6 ). Also visible was an almost complete evanescence of yellow light at 45 min of cell observation ( Figure 5 ). IOD analysis was performed on data from 10 different experiments.
Discussion
HCM presented in this work fills the niche in the research methods used for studying the kinetics of proteins involved in the regulation of apoptosis. Up to now, the analysis of BAX aggregation on mitochondria or Smac/DIABLO release from them, were based on Western blot, fluorescence microscopy, traditional confocal imaging and immunoelectron microscopy (Adrain et al. 2001; Dirsch et al. 2003; Justo et al. 2003; Saito et al. 2003) . These methods allowed only analysis of fixed cells, different for different time points. The application presented in this work -the HCM -was designed specially for assessment of proteins aggregating on mitochondria (BAX) and released from them (Smac/DIABLO).
It enables continuous Figure 4 ). The 4D HCM seems to be the method of choice for analysis of pattern of changes of weak fluorescence and fluorescence that is unevenly distributed within the cell. The only setback is a long data-acquiring time, which disallows measurements of processes occurring in less then 3 min timeintervals. In contrast to common method of timelapse microscopy the HCM provides not only the overview of processes occurring within the cell, but also their precise localization on cell structure. A brief comparison and possible fields of research activity for time-lapse microscopy and two variations of HCM are presented in Table 1 . The timelapse microscopy seems sufficient for observation of cell movement, changes in cell morphology and rough visualization of ion or protein distribution. More precise localization of measured processes within the cell can only be acquired with the use of either 2D/time or 4D homeostatic confocal microscopy. These two methods allow measurement data to be acquired from thin cross-sections of the cell and (in case of 4D HCM) 3D reconstruction of the scanned cell. The variety of applications in 2D/time HCM extends to measurements of channel opening and other fields requiring ultra-fast (millisecond) timing. On the other hand, 4D HCM seems to be a method of choice for all measurements concerning dynamics of protein production, activation, distribution and redistribution, interaction and degradation. Furthermore changes in cell structure and dynamics of ion pools can be observed and precisely localized. The long time required for data collection (minutes per time point) is considered the main setback of this method. All methods require an image-analysis system for quantitative evaluation of acquired data. 2D/time HCM -two-dimensional dynamic homeostatic confocal microscopy; 4D HCM -four-dimensional homeostatic confocal microscopy; CCD -charge-coupled device camera; MB -megabit; GB -gigabit.
Observations of kinetics of BAX aggregation on mitochondria and Smac/DIABLO released from mitochondria were conducted on different cell lines with different apoptogenic stimuli (COLO 205 with NIM and MCF-7 with CPT, respectively). It proved that HCM method is competent for many different experimental setups, also for the apoptosis-unrelated studies.
Obtained results indicate that BAX and Smac/ DIABLO subcellular redistributions are quick and dynamic processes in tumor cells. The constant readiness of tumor cells to switch-on the death program is based probably on high contents of death promoters, mediators and executors within the cell. In these cells the apoptosis induction works through activation and subcellular redistribution of death-promoting proteins, rather than their de-novo synthesis. BAX activation, based on BH3 death domain exposure, is facilitated by m-calpain-mediated proteolytic cleavage at the N-terminus (Suzuki et al. 2000) , or conformational changes in protein structure mediated by BID (Eskes et al. 2000) . Active BAX, together with other proteins e.g. BID and VDAC-1, creates heteromultimeric complexes on outer mitochondrial membrane. These complexes form megachannels (permeability transition pores) involved in release of mitochondrial apoptogenic factors (cytochrome c, Smac/DIABLO, Omi/Hrt A2, AIF, procaspase-3 and À9, endonuclease G) . Activation of Smac/DIABLO is based on N-terminal cleavage of mitochondrialocalization domain. Observations included in this article suggest that BAX aggregation on mitochondria, as well as Smac/DIABLO release from them in tumor cells under the apoptogenic stimulus, consist of two phases. First phase -immediately after drug administration, and second phase occurring after 15 min. While the second phase is probably associated with the formation of the permeability transition pores in the outer mitochondrial membrane, the origins of the first phase of BAX and Smac/DIABLO activity remain difficult to understand. Increase in BAX-GFP-related and Smac/DIABLO-related green fluorescence occurring immediately after the drug administration might be a result of their activation or, in case of BAX, release from inactivating complexes with other proteins e.g. BCL-2. We can not exclude the possibility that physicochemical changes occur in cellular microenvironment, but the supplemented drugs were always diluted in the growth medium, where cells normally live. It is interesting that the kinetics of the second phase of BAX aggregation, and Smac/DIABLO release from mitochondria are similar, regardless of the type of tumor cell lines (COLO 205 and MCF-7) and apoptogenic stimuli (NIM vs. CPT) used in the experiments. This coincidence suggests that the release of Smac/ DIABLO is correlated with BAX translocation to the mitochondria.
In conclusion, the homeostatic confocal microscopy is a potent tool for analysis of protein kinetics in living cells, as well as cells stimulated undergo to apoptosis.
